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1. INTRODUCTION 
The resolution and ult1mate utility of an airborne telescope 
depend upon the degree to which sources of image degradation can be 
reduced to a m1nlmum. These sources of image degradation include the 
boundary layer of the aircraft, vlbrat10ns coupled from the airframe 
and turbulent alr lnto the telescope, optical figure errors 1n the sur-
faces of the mlrrors, and m1salignment of the optlcal components. In 
order to measure the latter two sources of image degradation, the 91-cm 
telescope of the KUlper Alrborne Observatory was put through a series 
of tests at the Optlcal SClences Center, Un1verslty of Arizona. 
When the present set of optical components are installed in the 
telescope in proper alignment, the telescope w1II produce an image wlth 
80% of the energy in a circle of 1.50 arc seconds in diameter; that is, 
a O.ll-mm spot diameter 1n the focal plane. 
The pr1mary mlrror, an f/2 parabola, was tested against a flat and 
found to be of a qual1ty that puts 80% of the energy 1n a 0.51 arc 
second diameter spot. 
Two prlnc1pal sources account for the residual error: the tertiary 
folding flat and the choPP1ng secondary. It appears that the method of 
mount1ng the fold1ng flat causes some distortion and that the secondary 
mirror has some resldual spherical aberrat10n 1n its figure although it 
is well w1thin its origlnal manufacturing specification. 
) The weakest part of the system from an alignment pOlnt of Vlew is 
the secondary chopper mechan1sm. ~rore wlil be sald about this later. 
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2. SCOPE 
The statement of work provided by NASA-Ames requested a static 
system test wIth the secondary mIrror not oscillating, then a dynamic 
system test with secondary choppIng. Individual component tests were 
to be performed If there were any sIgnificant sources of error in the 
system test so that the component or components contrIbuting to the 
error mIght be Isolated. Kfter a perlod of time to allow for a recoat-
ing of the telescope, it was to be recollimated and returned to 
NASA-Ames. Because of the delays in the return of the alrcraft, both 
systems tests and component tests were performed. Also, several mInor 
mechanical problems that had accumulated over the years were resolved. 
The system was tested both with the aIr support for the prlmary 
mirror turned off and WIth thlS alr support system turned on. Further, 
all separate optlcal components were separately tested ln thelr own 
null configuratIon. ThlS included the prlmary mirror, the tertiary fold-
ing flat, the Cervlt secondary mIrror, WhIch was instaJled ln the tele-
scope when 1t was received at OptIcal SClences, and the aUXIliary fused 
silica secondary. A brlef look was also g~ven at the guIde scope and 
CRT camera system. 
Follow1ng the report of these separate tests below, we describe a 
scheme worked out for system alignment. There follows a section on sys--
tem mechanIcal problems 1ncluding the primary mIrror dccentcring 1n its 
cell; problems wlth the air flotation system for the prlmary m1rror, 
the chopping mechanism for the secondary mIrror, and the large amount 
) 
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of clearance in the mountlng of the secondary on its mounting stud; and 
problems with the method of mounting the tertiary mirror. The final 
section of this report discusses system optical design aspects of prob-
) lems such as the amount of optical aberration induced by various amounts 
of misalignment of the secondary mlrror and optlcal degradatlon due to 
I 
using the telescope at the improper conjugates or wlth an improPirly 
) positioned focal plane. 
) 
; ( 
) 
( 
( 
) 
) 
4 
3. RESULTS OF OPTICAL TESTS 
Static System Test 
The 9l-cm telescope of the Ku~per A~rborne Observatory was put 
through a ser1es of system tests at the Optical Sciences Center, Univer-
sity of Arizona. Imagery obtained with this ~nstrument was reported to 
have a spot size of 5 to 10 arc seconds dur1ng actual flight, although 
the or1ginal spec1ficat~ons called for 80% of the energy to be concentra-
ted in a 1 arc second image. In order to find the source of the image 
degradat10n, checks on the optical a11gnment and figure errors were 
performed. 
The method of perform1ng the system test is illustrated in Fig. 1. 
The telescope was set up at 45° from zen1th 100k1ng at a 40-in. diameter 
optical flat. An interferometer was placed 1n the focal plane of the 
telescope look1ng 1n the trun10n axis at the tert1ary m1rror. "The opti-
cal path 1S as shown in the f1gure w1th the light from the interferom-
eter g01ng from the 1mage plane to the tert1ary, the secondary, the pri-
mary, and finally h1tt1ng the flat at normal inc1dence. From the flat 
the l1ght returns by the same path back to the 1nterferometer mak1ng a 
complete double pass through the telescope. When th1s test was or1gi-
nally set up, we found that the fr1nge pattern had so many fringes that 
it was imposs1ble to perform an interferometr~c test. We then replaced 
the interferometer w1th an a11gnment telescope and discovered that the 
secondary mirror was lY1ng 3 mm off axis. Th~s amount of decenter would 
have y~elded 48 fringes of coma in the test setup we had. Thus the 
G 
( 
first thing we had to do was recollimate the telescope before the opti-
cal test could be performed. 
5 
After the telescope was recollimated. the interferometer was re-
placed at the location sho\~ in Fig. land 1nterferometry was attempte~' 
again. However I a ground loop problem in the secondary chopper mecha-
nism caused the secondary to vlbrate at a very low amplitude at the 
zero offset settlng. The only way. we found to reduce the vibration 
to a level where interferometry could be performed was to put a mechani-
cal clamp on the flex P1VOts of the secondary chopping mechanism. When 
this was done we obtalned suitable interferograms. 
The results of the lnterferometric tests. which are a measure of 
the wavefront quality through the telescope. were reduced on a computer 
program called FRINGE to Yleld the actual encircled energy produced by 
the wavefront gOlng through the telescope. These numbers were divided 
by 2 to account for the fact that during the test the light traverses 
the telescope twice. The resulting energy concentration for the tele-
scope is shown in Fig. 2. The two curves 1n the figure represent energy 
concentratlon both with the alr support for the prlmary turned on and 
for the case where the alr is turned off and the pr1mary 1S resting 
solidly on the three definlng p01nts. As can be seen from the curve. 
although there is slight varlatlon ln energy concentration as a function 
of spot diameter. the ultlmate performance of the telescope is roughly 
equlvalent whether the alr support system for the prlmary is turned on or 
or off. However l as is ObV10US from the curves in Fig. 2. the ultimate 
performance of the instrument does not seem to be slgnlficantly changed I 
independent of ~lcther the a1r support system on the primary is 
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function1ng or not. Wh1le this may be of some concern to the design 
. 
people 1nterested in the proper prlmary support, it 1S certainly an 
encouraging indication that the system is much less sensitlve to pri-
mary support than might have been originally thought. 
DynamlC Systems Test 
Follow1ng the static system test with the secondary mirror 1n an 
unchopped or locked mode, we attempted to perform exactly the same test 
wIth the secondary m1rror chopping. We found that there was enough 
jitter or bounce at the end of the chop cycle that we could not per-
form lnterferometry. The frlnges we were attempting to photograph were 
completely washed out even though we attempted to synchronize the Inter-
ferometer w1th the chopp1ng cycle 1n a strobe type fash10n. At this 
pOlnt we dropped the 1dea of USIng interferometry 1n the dynamic test 
and instead placed a pOlnt source In the focal plane of the telescope. 
The pOlnt source was projected using a pOInt source microscope, and we 
placed a camera lookIng 1nto the ret1cal eyep1ece of a microscope im-
aged on the return p01nt source. ThlS allowed us to photograph the 
return image after a double trIp through the telescope. Keep in mind 
that durlng these tests we were using the same test setup as we were 1n 
the stat1cs test, namely that shown 1n Fig. 1. The only difference was 
that the interferometer was replaced WIth a mIcroscope that projected a 
point image. 
The first tests that were performed were in a statIC mode. In one 
test the secondary mIrror was centered and 1n another the secondary mir-
ror was set the end of the chop cycle. The two return lmages obtained 
, 
I 
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from this test are shown in Fig. 2. The images are roughly triangular 
in shape because the air was turned off under the primary support. Also 
the two images, the one from the centered sceondary and the one from 
the secondary at the end of its chop cycle, although slightly different 
in structure, are approximately the same size and shape. Th~s leads us 
to the conclus~on that the chopp~ng secondary does not significantly 
enlarge the diameter of the ~mage because the telescope is used in the 
chopping mode. The t~lt of the secondary 1S sufficientlY small that it 
does not ~ntroduce a large enough amount of coma to significantly de-
grade the image size. Although in these two photographs it is diffi-
cult to see any scale, the scale of these photographs is the same as 
those seen ~n Fig. 4. By comparison we can conclude that the images 1n 
Fig. 3 are approximately 4 seconds 1n diameter. Th1S is a satisfying 
result when we compare th1S photograph of the return 1mage w1th the size 
calculated from the interferometrlc results 1n the static test. 
Although the statlC tests are satlsfying and indicate that the in-
strument 1S capable of produc1ng 1mages on the order of 1.S seconds diam-
eter or better, the resul~s with the secondary 1n the chopp1ng mode are 
far less encouraglng. In Fig. 4 we show the 1mages at the end of chop 
cycles for several d1fferent chopp1ng frequencies. In these photos the 
scale is readable 1n most cases. Eleven of the smallest div1s10ns are 
equal to a 1 second 1mage. All the photographs have the same scale. It 
is immediately ObV10US that the 12 and 17 Hz chop rates lead to very 
large images. In fact, the 12 Hz 1mage is approx1mate1y 8 seconds in -
length while the 17 Hz 1mage 1S about 10 seconds in length. In both 
cases it is clear that the secondary m1rror reaches its end stop and 
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then bounces when in fact the ~rror should be stat1onary. The situa-
tion greatly 1mproves for the region between 24 and 37 Hz although in 
all these cases except perhaps the 37 Hz case the image 1S two to three 
times larger than it is for the static case. The photographs in Fig. 4 
indicate a substantial problem in the mechanism supporting the secon-
dary mirror at certa1n chopp1ng frequencles. 
We conclude from these tests that the system does not perform up 
to the orig1nal speclfication of 80% of the energy in a 1 arc second 
circle. However, it performs statically many times better than the 
8 to 10 second spot size observed during fllght. At this pOlnt, the 
indivldual optlcal components were tested to find out where the source 
of error lay that kept the system from perform1ng up to the orlginal 
speclficatl0ns. 
Secondary Mirror Test 
Because of some worry about the quallty of the Cerv1t secondary 
supplied w1th the system, it seemed log1cal to test th1s component 
first. The class1cal test for both the manufacture and verificat10n 
of quality of hyperbol1c secondary m1rrors 1S the ~hndle test shown 
in Fig. S. The secondary m1rror 1S supported by its center mount1ng 
hole wlth its optical aX1S hor1zontal. An 1nterferometer 1S placed 
. 
at the long focus or conjugate of the secondary m1rror at the same dis-
tance from the secondary as is the focal plane 1n the actual telescope. 
A Hindle sphere is placed w1th its center of curvature at the short 
focus or conJugate of the secondary m1rror. This conjugate is at the 
same pOSltl0n relat1ve to the secondary m1rror as the focus of the 
) 
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HINDLE 
SPHERE 
, 
\ 
\. 
Fig. S. 
.-s , 1 ' 
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----~-
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INTERFEROMETER 
ACTUAL LONG " 
CONJUGATE 
Hindle Test for Hyperbolic Secondary ~lirror. 
A 1S the focal plane or long conjugate. 
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prlmary mIrror 1S tn the telescope. (The short conjugate is at the 
Newtonian focus of the primary mIrror). In thls configuratlon, light 
from the interferometer diverges up to the secondary. It causes a fur-
ther divergence, making the light appear as though It were coming from 
the short conjugate or the secondary. ThIS light diverges from the 
secondary In a spherlcal wavefront and is directed toward the Hindle 
sphere at normal Incldence. The Ilght then reverses directIon at the 
Hindle sphere and returns to the interferometer. The data gathered by 
the interferometer show t\i~Ce the wavefront error that the secondary 
would produce If it were In the actual telescope. Thus all the data 
obtaIned from our interferometrlc measurements were divided by two to 
account for the double sensltivlty of the test of the secondary mirror. 
The photographs in F1g. 6 show the actual test setup. Figure 6a 
is a closeup of the secondary mlrror at the left ~ounted on a three-axis 
translatlon stage. The Hindle sphere IS to the rlght center of the 
photo wIth a folding flat near the mIddle of the Hindle sphere. Fig. 6b 
shows the overall test setup wlth the Interferometer and the camera at 
the far rIght of the photo. Notlce that a folding m1rror was used to 
obta1n access to the long conjugate beam rather than uS1ng a Hindle 
sphere with a central hole. 
Because It is difficult to talk about the errors of 1ndivldual 
optical components In terms of the image spot Slze they produce, we will 
present the data from the Interferometrlc tests on the secondary mirro~ 
in terms of their effect on the wavefront. In the case of the Cervit 
secondary that was supplled with the telescope, the eaSIest way to look 
at its wavefront error lS to compare the radlal profile, or zonal 
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profile, or the \~avefront produced by this ml.rror \H th a radul profile 
of the wavefront of the total system. Figure 7 shows these two average 
radial profiles. As may be seen, both average radial profiles show a 
severe down edge at the inner edge and at the outs1de of the aperture 
both show an up edge. Over the central annulus of the aperture, the 
two profiles differ by less than a tenth of a wave. The great Slm1lar-
ity between these two average radial profiles 1S a strong ind1cation 
that the error in the system average radial profile is due almost en-
tirely to the secondary mirror. Thl.S conclUsion is further supported 
by the very high qual1ty of the primary m1rror as will be reported later. 
r 
The Cervit secondary m1rror had this zonal error as its only major fig-
ure defect. It was vl.rtually free of ast1gmat1sm and other azimuthally 
varying errors. The peak-to-peak wavefront error produced by Cerv1t 
secondary m1rror was 0.87 waves. 
The fused silica secondary was tested 1n exactly the same fashion. 
This secondary m1rror appeared free of zonal or radl.al irregularity. 
However, 1t did suffer from nearly 0.7 wave of astl.gmatism. ThlS error 
was the prl.nc1pal optlcal defect of thlS component although lt was cou-
pled wlth other lrregularlties to give a peak single pass wavefront 
error of 1.4 waves. Thus, the Crevit secondary mlrror, ln sp1te of the 
error at 1ts center, 1S the better m1rror by almost a factor of two 
') 
in wavefront. Figures 8 and 9 show the interferograms of these two 
secondnry m1rrors as well as computer-reduced contour plots of the wave-
fronts the two m1rrors produce. 
Because of the great difference 1n the figure errors between the two 
secondary mirrors, both tests were repeated uS1ng the same mount through 
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the center hole of the secondary mlrrors. ThlS was done to insure that 
the difference in error was not caused by the metho~ of mounting the 
secondary mlrrors and that the fairly large amount of astlgmatlsm was 
not induced by any defect in mounting. Another reason for repeating 
the tests was that there had been some confusion as to WhlCh secondary 
mirror was the better of the two. The repetltion of the test led to 
the same conclusion as before that the Cervlt secondary mlrror was some-
what better than the fused slllca mirror. 
The flnal matter regarding the secondaries concerns whether or not 
the Cervit secondary was manufactured to a tolerance of 2 arc seconds or 
better. Although it is somewhat difficult to find the radial energy dis-
trlbutlon for a slngle component, we have used the fringe reduct10n pro-
( 
gram to calculate the effect of the wavefront errors shown in F1gs. 8 
and 9 on the radial energy distrlbutlon produced by these mlrrors. Fig-
ure 10 shows the energy distrlbution produced by the secondarles on the 
system assumlng that other components were perfect. Th1S analysls shows 
than the CervH secondary \.as made to better than the 2 arc second specl-
ficatlon and the fused sll1ca secondary 1S not as good but st1ll better 
that 2 arc seconds. 
Prlmary Mirror Test 
The next component to be tested was the prlmary mlrror. The mirror 
was taken out of the cell and slung in a speclally designed sling mount 
-
so that ltS aX1S would be horizontal. 1he sllng mount did not 1nterfere 
wlth the mountlng pads on the edge of the prlmary mlrror. The schematic 
of the prlmnry mlrror test is shown in Fig. 11. A flat mlrror was 
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positioned at a little less than half the focal length from the primary 
so that there was easy access to the focus of the prlmary. The inter-
ferometer was placed at the focus of the prlmary as reflected in the 
plane mirror. Light from the interferometer diverged up to the flat 
and contlnued to diverge Into the primary mirror. The primary mlrror 
caillmated the lIght arid dIrected it toward the flat where It struck 
at normal incidence. The light then retraced its path back from the 
flat to the parabola and finally to the interferometer. This test was 
compact and allowed us to test the prlmary mlrror with no larger obscura-
tlon than that due to the hole in the primary itself. 
The data taken from the interferometer were divided by two because 
this is a double pass test and were analyzed by the FRI~GE reduction 
( program. FIgure 12 shows the average radial profile of the primary 
mlrror. As is Immediately ObVIOUS, the departure from the correct curve 
affects the wavefront by less than a tenth wave. Thus the mirror sur-
face has a radial profile of better than 1.20 wave. ThlS represents 
an extremely small manufacturlng error on a mIrror of thIS speed. Fig-
ure 13 shows the contour map of the wavefront producec by this mirror. 
The wavefront has a peak-to-valley error of 0.46 wave. The surface of 
the mirror is better than a quarter wave, an extremely fine primary 
mIrror. In FIg. 14 we show the radial energy distrlbutlon in the image 
assuming that all the other components In the telescope are perfect and 
that only the prlmary mirror IS contrlbutlng to the spread In the radial 
• 
energy dlstributlon. As can be seen from the figure, the prlmary mirror 
) is superlor 111 performance to the secondary mIrrors. Both the radial 
energy dIstrbutl0n of the prlmary In Fig. 14 and that for the secondary 
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mirrors ln Flg. 10 are plotted to the same scale. Clearly, the primary 
mirror lS close to perfect, and if one wlshed to make the system better, 
an ObVl0US place to begln would be with work on the Cervit secondary 
mirror. 
Tertiary Mirror Test 
The final component of the system that was tested was the tertiary 
mirror. This plano mirror was tested ln the classical fashlon using the 
Ritchey-Common Test sholffi ln Fig. 15. The advantage of using thlS test 
is that the mirror is tested at a 45° angle of incidence Just as it is 
used in the telescope. Thus the wavefront produced by the mirror gives 
a one-to-one correlatlon wlth its effect on the telescope. The result 
of this test showed that the tertlary mirror had almost exactly one half 
wave of pure astigmatism. ThlS amount of astlgmatlsm in the tertlary 
mlrror would be itself contrlbute a 0.33 arc second blur to the image. 
Figure 16 shows the radlal energy distrlbutl0n calculated for the ter-
tlary mirror assumlng the prlmary and secondary of the system are 
perfect. 
We were surprlsed that the tertlary mlrror had thlS large a figure 
error. It should be pOlnted out that these tests were run after the 
tertlary mlrror had been coated. We ran a very cursory check on the 
tertlary mlrror over a portlon of the aperture prlor to coatlng and the 
mirror looked at that tlmc to be flat, certalnly less than a quarter 
wave. Thus we were surprised to find after coatlng that the mirror did 
appear to have about a half wave of astigmatlsm. ThlS led us to be-
lieve, as wlll be pOlnted out below, that there may be a certain problem 
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wlth the exact method of mountlng the tertiary mlrror. Because of its 
placement in the telescope system, a rather small figure error in this 
mirror will have an effect on the angular diameter of the final image of 
the telescope. Thus it is 1mperative that this mirror be properly 
mounted. 
Conclus10ns from Optlcal Systems and Components Testing 
The pr1mary conclus10n we reach after test1ng the system and the 
three princlpal components 1S that the system 1n an unchopped mode is 
capable of producing images approx1mately 1.S arc seconds in diameter 
for 80% energy concentratl0n. Second, we conclude that the primary mlr-
ror is an excellent Opt1C hav1ng an overall surface error of less than 
( a quarter wave. Third, we see that the air support system for the pri-
mary mirror appears to be work1ng properly but that the pr1mary mirror 
is stiff enough that the pneumat1c support system is probably unneces-
sary. Fourth, the secondary m1rror fs better than the speclficat10ns 
to Wh1Ch 1t was made but 1S sevpral times worse than the pr1mary m1r-
ror. If one w1shed to make the baslc system better, the secondary 
mlrror should be 1mproved. F1fth, the tert1ary mirror 1S not totally 
flat. Because of 1tS Slze and shape and the env1ronmental changes 1t 
had gone through prlor to test1ng it, it 1S reasonably apparent that 
the problems with the tert1ary m1rror are 1n 1tS mount or method of 
mounting rather than with the m1rror ltself. Sixth, 1t 1S obvious that 
the major problem wlth the system l1es in the chopplng secondary mecha~ 
nism. There are three prlnc1pal errors: (1) a m1nor error is that 
the secondary has a Jitter even at zero offset although small enough 
I 
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not to affect image Slze, (2) at certain chopp1ng frequcnc1es there is 
a large resonance in some part of the chopping secondary mechanism, a 
resonance large enough to produce images with an apparent 10 arc second 
elongation in one direction, (3) there is a cross coupling in align-
ment in the secondary chopping mechanism. However, the cross coupling 
factors are large enough to produce alignment errors that could produce 
images on the order of 10 arc seconds in diameter. Certainly the con-
clUS10n from these tests 1S that effort should be put lnto improvlng the 
chopping mechanism fOT the secondary mirror. 
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4. METHOD OF SYSTEM ALIG:-ll-IENT 
The method of system alignment is presented here so that it may be 
used independently from th~s report as a procedure for alignment of the 
telescope should that become necessary in the future. The lnstruments 
required for al~gn~ng the telescope are an alignment telescope such as 
the 0300 ava~lable from Davidson Optronics and a po~nt source. A point 
source ~croscope would be an ldeal source. The al1gnment telescope 
must be located roughly 3 ft beyond the focal plane of the telescope 
and aligned so that 1t is boresighted with the trunion aX1S. The point 
source must be placed at the center of curvat~re of the primary mlrror. 
The al1gnment procedure then goes as follows: 
(1) Remove the secondary m1rror and chopping mechanism. 
(2) Establ1sh that the head r1ng 1S square to the primary cell (this 
will be the case unless the meter1ng truss has been removed or tampered 
with). 
(3) Apply centered cross hairs to the pr1mary cell and to the pr1mary 
mirror. These cross ha~rs w1II be used to mechanically lnsure that the 
primary mirror 1S centered w1thin 1tS cell. 
(4) View the pr1mary m1rror from its center of curvature and Sh1ft the 
mirror laterally to square the pr1mary 1n lts cell. Use the cross hairs 
applied 1n step 3 for gu~dance. (Th~s procedure w1Il lnsure that the 
axis of the primary m1rror l~es on the aX1S of the trun1ons. If the 
primary m1rror ax~s does not 11e on the trun10n ax~s, the image in the 
focal plane of the telescope \Hll appear to move as the telescope 
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changes elevation. 
(5) Center the secondary m~rror spider so that the adjustment screws on 
the spider are mid-range. Then place cross hairs over the secondary 
mirror mount~ng ring. 
(0) Place the point source at the center of curvature of the pr~mary 
mirror and then t~lt the pr~mary mirror using the three ax~al defining 
points unt~l the center of curvature of the pr~mary mirror lies in line 
with the cross hairs placed on the secondary r~ng. Readjust the center-
ing of the pr~mary mirror 1f ncessary after doing the tilt procedure on 
the primary. Repeat the t~lt and centering process until the primary is 
r both centered 1n its cell and the center of curvature lies on the cross 
ha~rs on the secondary mounting r1ng. (The pr~mary m~rror is now free 
of tilt and decenter relat~ve to the telescope structure. The center of 
curvature of the primary, the secondary mount, and the vertex of the pri-
mary mirror will now all be collinear. This reference system can now be 
used as the reference for the balance of the alignment). 
(7) Bores1ght the alignment telescope on cross ha~rs placed at e1ther 
end of the trun~on ax~s. (Set up the alignment telescope at least 91 cm 
(3 ft) beyond the focal plane of the telescope). 
(8) Install the tertiary mirror and adjust the tertiary 1n t~o degrees 
of t~lt and one degree of vert~cal translation. These three degrees of 
freedom w~ll allow the tertiary m~rror to be adjusted such that the cross 
hair on the secondary ring, the cross ha~rs on the pr~mary cell, and tne 
point source at the center of curvature of the primary all lie on the 
ax~s of the alignment telescope. When this is the case, the tertiary 
mirror will be correctly adjusted so that it transfers the optical axis 
f 34 
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of the telescope structure colllnearly do\~ the axlS of the trunion. 
(9) Install the secondary mirror choPPlng mechan1sm and the secondary 
mirror. Set the chop offset to zero. Use the alignment telescope to 
center the s~cond~ry mirror laterally. The alignment telescope should 
be focused on the mountlng stud for the secondary mirror. 
This completes the basic alignment pracedure for the telescope. 
The one additional adjustment that could be made but for Wh1Ch there is 
no auxiliary equipment at the moment is to set the zero chop offset so 
that there 1S no t1lt of the secondary mirror. A speclal jig for this 
purpose could be made the next time the telescope is do~ for serv1ce. 
We had the advantage when the telescope was in the Optical Shop that 
the large plano m1rror used to test the telescope could be used to deter-
( mine when the secondary m1rror was free of t1lt. An aux1liary flat 
could be made Wh1Ch would att~ch to the telescope head rlng. Th1S would 
have a built-in reference so that the secondary m1rror zero offset POS1-
t10n could be corrected at any time. 
; 
( 
-, 
) 
3S 
S. SYSTEM MECHANICAL PROBLENS 
In the following section we list some of the mechanical problems 
we encountered with the telescope. Most of these problems will ulti-
mately affect the performance of the telescope. Although none of the 
problems was particularly bad except those to do with the chopping secon-
dary mechanism, all contribute to a degradation of performance. 
The first problem we encountered was that the primary mirror was 
decentered in its cell by some 3 mm. At first glance, this does not 
appear to be a particular problem because the telescope could be aligned 
relative to the decentered primary. However, because the line of sight 
is turned 900 by the tertiary mirror, it is impossible to make the axis 
of the system col11near w1th the trunion aX1S. This w1ll cause an appar-
ent boresighting error as the telescope tracks an elevation. \'Ie felt it 
was imperative to correct this situation. 
We were at somewhat of a loss to expla1n how the primary mirror be-
came decentered withln its cell because it is constralned to stay cen-
tered by three rad1al defin1ng pads. In order to center the m1rror, we 
had to manufacture three new spacer blocks because there was insuffi-
cient adjustment in the eX1sting blocks to permit the mirror to be cen-
teredo One thought that did occur was that the mirror, during a coating, 
had become rotated by 1200 from its original pos1tion. This could have 
caused the decentering because the radial defining p01nts are not at-
tached to the m1rror at precisely 1200 intervalS. One other thought was 
that the mirror perh:lps W.lS never perfectly centcrcd in its cell 
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although th~s is very hard to bel~eve. The only other explanation we 
have is that some part of the radial defining mechanism had actually be-
come fatigued with t~me and that this had permitted the mirror to sag 
some 3 mm from its centered position. The decentration of the mirror 
was in the direct~on that grav~ty could have pulled it. In any case, the' 
radial defin1ng p01nts were adjusted w1th the help of new spacer blocks 
to reposltion the primary 1n its cell to an accuracy of better than 
0.5 Mm. 
A second area of mechanical problems arose w~th the secondary mir-
ror. There was approxlmately 0.75 mm clearance between the hole in the 
secondary mirror and the stud on which lt was mounted. Thus every t1me 
the secondary mirror was removed and replaced on the study, the centra-
tion of the mirror could have changed ciS much as 0.75 Mm. Figure 17 
shows the Impact on Image quality of th1s type of decentration of the 
secondary mirror. 
Clearly, this large a decentration made It difficult to obtaIn pro-
per al~gnment of the telescope. Therefore, we had a new Invar mounting 
stud manufactured In our shop wlth a clearance of 0.05 nun. With thIS 
new stud, the secondary mIrror can be removed and replaced wIth min1mal 
effect on the al1gnment of the telescope. 
Another area wlth wh1ch we found some problem was the prImary mir-
ror pneumat~c support system. The first ~lme we trled to use the system 
for some of our tests, we found that the regulator was improperly in-
stalled. When we thought we had the pneumatlc support system working.-
o in fact, lt was not. ThlS problem was qU1ckly cleared up. However, 
when we went to adjust the centration of the prImary m1rror on Itself, 
-----'-
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we also discovered that the primary m~rror may have been rest~ng on the 
three axial defin~ng po~nts independent of whether the pneumatic support 
system was turned on or off. It may have been this problem that led some 
people to bel~eve that there was a problem with the operat~on of the 
pneumat~c support system. We found that with the ax~al defin~ng points 
properly adjusted, the pneumat~c support system appeared to work sat~s-
factor~ly. 
Another area where we had mechanical problems was w~th the secon-
dary spider support. It was adjusted to the llmits of travel, and when 
we tried to llne up the telescope, there was no further travel in one 
direction. It turned out that the need for th~s adjustment was caused 
by a misadjustment of the tert~ary mirror. This tertlary mlrror adjust-
ment had been lncorrectly made because une of the adjustment screws on 
the ~rror had a strlpped thread that made it feel as though the screw 
had come to the end of ltS l~mits. The tert~ary m~rror adjustment was 
completely disassembled, and the threads on the adjustment screws were 
chased, and the system was reassembled. Once thlS was done, the ter-
t~ary m~rror could be al~gned into ~ts proper poS~tlOr.. This allowed 
the secondary support splder to be adjusted to ltS mld-range allowing 
the entire system to be put lnto proper alignment. 
Finally, we had several problems w~th the chopplng secondary me~a-
nism to which we have already alluded. The first of these relates to 
the focus mechan~sm. Attempts to focus the secondary mlrror cause the 
image to move laterally in the image plane. Th~s problems appears to be 
caused by excessive clearance in the linear bear~ngs of the mechanlsm. 
( 
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Second, the axis of rotat~on of the chopper assembly is not perpendicu-
lar to the chop axis. For purposes of the system test only one position 
of the chop axis was tested. However, during final alignment the system 
CDuld be al~gned only for either of two positions of the chop axis or 
one position with m~nimum deviation at other rotations. Since we knew 
that exper~menters rotate the chop axis for different experiments, we 
found best al~gnment for one posit~on and then minimum deviat~on for 
other rotations. This does mean, however, that ~n all pos~tions the 
telescope is aligned in a less than perfect condition. Th~rd, it is 
our op~nion that the placement of the linear bearings at a 45° angle to 
the chop axis serves only to max~mize the cross coupling between the 
chopped and the unchopped axis. 
One f~nal ~tem concerns the tert~ary m~nor and ~ts method of mount-
ing to the Invar pedestal. The m~rror appears to be bonded to the Invar 
base at four places by use of .050 thick sil~con rubber adhes~ve pads. 
It appears that as the env~ronment changes (perhaps w~th hum~dity), the 
s~licon rubber materials couples a moment ~nto the mirror and causes a 
slight warp. We would suggest that the mount be studied carefully to 
find a better mountlng configuration. 
Clearly, from this l~st of mechanical problems the balance of the 
unsolved problems he w~th the chopp~ng mechan~sm for the secondary mjr-
ror. We bel~eve that we have found a solut~on and have fixed the mecha-
nlcal problems ~n the other port~ons of the telescope leaving only tho~e 
concerning the chopp~ng mechanlsm and the tertlary mount still to be 
addressed. We felt we were in no positlon to remedy these part~cular 
problems. 
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6. SYSTEM DESIGN ASPECTS 
In this part of the report we discuss briefly the effects of secon-
dary misalignment and improper spacing between the primary and secondary 
mirror on image size. The first tOpiC we discuss is misalignment of the 
secondary mirror. 
Typically. during alignment one attempts to keep the image in the 
focal plane on axis. Therefore. if the secondary mirror is decentered 
by some small amount. it is common practice to tilt the secondary mir-
ror to compensate for the image shift produced by decentering the secon-
dary. The tilt brings the image back on the ~xis of the instrument. In 
( Fig. 17. we illustrate \ .. hat happens to the image quall. ty as a function of 
the amount of decentratl0n. As an example we use a 0.75 mm clearance in 
the hub of the secondary mirror relative to the mounting stud. If the 
system is perfectly aligned With the secondary mirror toward one edge of 
the stud and the mirror is removed and replaced so that is is now pushed 
to the opposite edge of the stud and thus is decentered by 0.75 mm, we 
find that the image has grOhTI from itS nominal diffraction-limited size 
to a spot 4 arc seconds in diameter. Clearly. this has a major impact 
on system performance if the instrument is being used in a diffractlon-
lim1ted sltuation. Also note from the graph that the image Size grows 
linearly with the amount of decenter and compensating t1lt. The curve 
also shows the criticality and necessity for good alignment if 
diffraction-l1mlted performance 1S desired from the telescope. 
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The second area concerns mis-spacing between the primary and secon-
dary mirrors. With the Cerv~t secondary mirror, the nominal design dis-
tance between the secondary mirror and the focal plane is ~3 m (124 in.). 
This gives the instrument a magnification of 8 w~th an f/17 output beam. 
It turns out that some exper~menters' packages do not mate with the tele-
scope so as to use the focal plane at this posit~on. In Fig. 13 we show 
the effect on image s~ze as the focal plane is shifted from its designed 
location of ~3 m (124 in.). If the image plane should be sh~fted 36 cm 
(14 in.) farther back or away from the telescope, ~t will ~ntroduce 
roughly 0.75 of a wave of spher~cal aberration that will produce and 80% 
spot diameter of 1.8 arc seconds. Again, ~t is obvious fr6m the curve in 
Fig. 18 that this ~s a linear effect and the farther one gets from the 
nominal focal plane of the ~nstrument the worse matters become. For 
experimenters work~ng ~nto the IR reg~on this ~s probably no detriment, 
but to persons work~ng,~n or near the v~s~ble, ~n the absence of other 
image defects, th~s can be a problem. 
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7. CONCLUSIONS 
Based on our tests and analysis of the Kuiper 9l-cm telescope we 
have shown that the stat1c system 1S capable of producing 80% energy 
images at 1.S arc seconds when the system lS properly aligned indepen-
dent of whether the pneumat1c support on the prlmary mirror is working 
or not. Further, we have shown ln our dynam1c tests that image diam-
eters from 2 to 10 arc seconds are possible during chopping modes. It 
appears that at the higher frequenc1es of around 34 to 38 Hz it is 
possible to obta1n ~2 arc second lmages ln the chopp1ng mode. From 
evidence of m1sal1gnment when the instrument was de11vered to Optical 
Sciences and because of the play ln the secondary m1rror relative to its 
mounting stud, we feel that dur1ng typ1cal operation there may have been 
suffic1ent mlsal1gnment to account for image diameters of from 2 to 5 
arc seconds. From these observations it 1S clear that work may need to 
be done on the choPPlng secondary m1rror so that at any reasonable chop-
ping frequency the bounce at the end of the chop can be reduced, thereby 
insur1ng 2 to 3 arc second lmages as a rout1ne matter. Furthermore, we 
feel that we have el1minated most of the ObV10US m1salignment errors 
and that lmage defects due to th1s cause should be able to be held to 
~2 or 3 arc seconds. Obviously, too, the errors due to chopping, the 
static system, and misalignment add up to Y1eld an 1rnage quality of 
~ or 5 arc seconds 1n the worst case, assuming the chopp1ng secondary-
mechanism has been corrected. 
I , 
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Clearly. however, the 8 to 10 arc second lmages observed in 
flight pOlnt to another source of error even greater than those asso-
ciated with the telescope. This was clearly the case when we went on 
a test flight of the KUlper Observatory. There can be no doubt that 
air turbulence is the major cause of image degradatlon wlth the KUlper 
Observatory. Until somethlng can be done to reduce thlS major cause of 
lmage degradatlon, it does not make a great deal of sense to spend too 
much tlme or money on other aspects of the telescope. We certalnly feel 
that some lmprovement ought to be made in the chopplng secondary mecha-
nism, but we do believe that to worry about the flgure quallty of any 
of the optlcal elements ln the telescope would not be an effectlve way 
to improve the telescope performance. 
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secondary on 1tS mount1ng stud; and problems w1th the method of mount1ng 
the tert1ary m1rror. The final section of the report d1scusses system 
opt1cal des1gn aspects of problems such as the amount of opt1cal aberrat10n 
1nduced by var10US amounts of m1salignment of the secondary m1rror and 
opt1cal degradat10n due to uS1ng the telescope at the 1mproper conJugates or 
or w1th an 1mproperly posit1oned focal nlane. 
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